The final thermal preferendum (FTP) and the lower and upper thresholds of temperatures avoided were defined for the first time for Cyclops vicinus Ulyanin, 1875 (Crustacea: Copepoda). The preferred temperature on day one had a modal value of 13.9°C (range: 11-17°C), which increased on Days 2 and 3 to 20.4°C (range: 17-23°C) and 20.2°C (range: 17-22°C), respectively, and then declined during Days 4 (19.1) to 7 (17.1°C). The selection process occurs with overshoot. On days seven and eight after placement in the thermal gradient the preferred temperature stabilized at 17.1-17.5°C. These temperatures are accepted as the FTP of individual C. vicinus. Cyclops vicinus avoided temperatures below 5°C and above 29°С. We can compare these thermal ranges observed under experimental conditions with the typical temperature values reported for field populations. This study provides a proof of concept of an approach that was used previously primarily for determining species specific thermal preferences in fish and then adapted for cladocerans. This laboratory approach using C. vicinus provides an example of how this method can be used to improve interpretation of copepod phenologies in nature.
optimum temperature ranges (Reynolds and Casterlin, 1979) . As has been shown for aquatic organisms, the final thermal preferendum (FTP) is innate and speciesspecific (reviewed by Reynolds and Casterlin, 1979) . Thus, the thermal preference often determines a species' dispersal and movements. Therefore, the local and geographical distributions of animals are determined by the limiting factor temperature. In numerous aquatic animals, the FTP can be used to predict the optimum thermal conditions in nature (Brett, 1971; Kelsch, 1996; Verbitsky and Verbitskaya, 2012; Verbitsky et al., 2014 Verbitsky et al., , 2015 .
The FTP corresponds to the thermal optimal habitat for growth, reproduction and other physiological functions in a variety of organisms (Crawshaw, 1977; Beitinger and Fitzpatrick, 1979; Jobling, 1981; Giattina and Garton, 1978; Bückle et al., 1994 Bückle et al., , 1996 Hernandez et al., 1995; Golovanov, 2013) . As shown by Nichelmann (1983) , organisms living within the FTP or thermal optimal temperature range are subjected to minimal heat stressing; their physiological functions are optimized, resulting in maximum growth.
Cyclops vicinus Ulyanin, 1875 is distributed in the Palearctic, northern Nearctic and Indo-China region (Monchenko, 1974) and the Holarctic (Jersabek et al., 2001) . Cyclops vicinus inhabits mainly the profundal zones of temperate lakes, in depths of -3 m (Vijverberg, 1977; Bukvić-Ternjej et al., 2001 ) and down to 4-20 m (Maier, 1989a; Lacroix and Lescher-Moutoue, 1984; Wierzbicka, 1970) . It is common in large reservoirs, particularly in the Volga (Lazareva et al., 2013) . Cyclops vicinis is also found in ephemeral and permanent ponds as well as in the littoral zone of lakes (Maier, 1994; Riviere, 2012) .
Cyclops vicinus is a very important member of the zooplankton community, but with regard to thermal biology of this species there is no consensus. Some authors describe C. vicinus as a species with 1-or 2-year development cycles and a summer diapause in the period of maximum water temperature (Einsle, 1967; Mittelholzer, 1970; Vijverberg, 1977; Urech, 1979; Alekseev, 1990; Santer and Lampert, 1995; Kobari and Ban, 1998) . Others report a winter diapause (Kobari and Ban, 1998; Battes, 2005) and still others refer to this species as eurythermic with two or more periods of intensive breeding during June-August at a temperature of 10-24°C (Rylov, 1948; Monchenko, 1974; Lazareva, 2005 Lazareva, , 2010 Gusakov, 2007; Riviere, 2012) .
We experimentally defined the optimal, pessimal and tolerated temperatures for C. vicinus using a horizontal thermogradient to measure their thermoselection to temperatures corresponding to this species occurrence in nature. Understanding thermal tolerance of copepods, which are important in the diet of many fish, can help to predict their availability to fish predators under conditions of climate change.
M E T H O D
Reservoirs in which field distributions were determined
The phenology of development of C. vicinus Uljanin, 1875 was observed in the field of water bodies in the North-West and Central Federal Districts of Russia. The Ivankovo, Uglich and Rybinsk reservoirs are located in the Upper Volga River (The River Volga and Its Life, 1979) . The waterbodies studied differ in their area (249-4550 km 2 ), rates of water exchange (0.8-10.6 year -1 ), average depth (3.9-5.6 m) and their location in the Volga River system (Litvinov et al., 2001) . The Ivankovo Reservoir is the uppermost of the cascade of reservoirs of the Volga River, while the other reservoirs are located within the cascade of reservoirs. The Uglich reservoir is mesotrophic, the Rybinsk and Ivankovo Reservoirs are weakly eutrophic. The Sheksna Reservoir forms a separate northern branch of the system and is connected with the Volga cascade through the Rybinsk Reservoir. Siverskoe lake belongs to the basin of the Sheksna reservoir, an area 9.57 km 2 , depth of 15 m.
Sampling periodicity
The development of C. vicinus Uljanin, 1875 was observed at seven reservoirs within the North-West, Central and Volga federal districts of Russia from 60°18.350′ to 56°08.600′N and 36°20.248′ to 47°26.334′E (Table I ). In the Rybinsk reservoir (Upper Volga) regular annual monitoring was conducted at between 6 and 20 sampling points from May to October in 2008 -2014 and from December to March in 2009 -2014 . Other Upper Volga reservoirs, Ivankovskoe (IR) and Uglich (UR) were examined every year in August, 2012-2014 (7-10 sampling points each reservoir), Middle Volga reservoir, Gorky (GR) and Cheboksary (CHR) in July-August 2008 and 2010 (12-14 sampling points each). Sheksna reservoir with its member Lake White (SHR, the Upper Volga basin) was examined in August 2007 (10 sampling points), Lake Siverskoe, in July 2013 (two sampling points).
Collection of zooplankton in the field
Copepods were collected with a small Juday net with a 12 cm diameter and 74 µ mesh size. Samples were fixed with 4% formalin. Species identification and measurement of linear dimensions of the animals were performed in the laboratory under a microscope StereoDyscovery V12 Carl Zeiss and the MS-2 LOMO. Identification was performed according to Monchenko (1974) , Einsle (1993 , Ueda and Reid (2003 .
Zooplankton collection for testing
Cyclops were sampled using a 75 μm mesh plankton net on August 28, 2014 from an irrigation pond in a community garden near Borok, Yaroslavl region, Russia (58°05′ 65″N; 38°20′68″S (Fig. 1) . The ambient water temperature was 14.3°С. On this date and in this pond C. vicinus was the only large dominant species of Cyclops, represented by females with eggs. The collected zooplankton was placed in a Bogorov chamber immediately after collection. Each individual Cyclops was removed from the chamber by pipetting using a microscope. Cyclops vicinus was identified using Monchenko (1974) and Einsle (1996) . The average body size (total) of adult females, measured as the sum of the lengths of the cephalothorax, abdomen and caudal furca, was 1.6 ± 0.02 mm.
Description of thermogradient apparatus
Temperature preference was determined by the "chronic" method (Reynolds and Casterlin, 1979; Rosetti et al., 1989; Verbitsky and Verbitskaya, 2012; Golovanov, 2013) , in which a group of test organisms are placed into a thermogradient apparatus for 8 days.
The design of the apparatus for measuring the FTP was a Herter tray with a metal floor and walls made of transparent Plexiglas size with dimensions of 183 cm length × 10 cm width × 4 cm depth (Fig. 2) .
The pond water was filtered through a 75 μm mesh plankton net and poured into the tray during initial filling. The filtered pond water was diluted with distilled water at a ratio of 1:1 and evenly poured into the tray to replenish evaporated water each day.
The horizontal temperature gradient (from 3.8 ± 0.5°С to 30.4 ± 0.7°С) in tray was maintained using a  thermostatic device TSS-1 (Russian Federation) with a heating element (0.8 kW) at one end of tray and a cooling unit at the other end. To minimize convection currents and a vertical temperature gradient the depth of the water in the tray was maintained at 10-12 mm depth. This design allowed for a horizontal temperature gradient of~0.1°C/cm. To measure and verify the water temperature thermometers were placed permanently at fixed points along the tray every 10 cm. Measurements of the temperature at these point in the tray had a precision of 0.1°С/cm. The number of copepods at a particular tray location within the thermal gradient was recorded using a linear scale with 1 mm divisions.
The water was uniformly illuminated by eight fluorescent lamps (40 watts, 120 cm, each). Two lamps were placed alongside the pan at a height of 0.45 m (Fig. 2) . Six additional ceiling lamps 1.4 m above the tray provided additional illumination. The illumination at the surface of the water was~700 lux. Experiments were conducted under a photoperiod of 10:14 h (light: dark).
Experimental procedures Horizontal temperature gradient method
For the set of observations beginning on day one, we placed 60 females with egg sacs, into the tray in the temperature zone 13.5-15.0°С. The experiment lasted 8 days (September 1-9, 2014). A suspension of the microalga Nanochlorops sp. was added daily and evenly over the entire length of the chamber at a concentration of 5.0-7.5 × 10 5 cells/ml to the tray. The order of daily procedures was as follows: observations of C. vicinus location in the thermal gradient during the day, removal of dead bodies and precipitate, and addition of fresh suspension of food and replenishment with pond water in the evening. Observations commenced the day following placement of C. vicinus in the thermal gradient. A series of 12-14 observations, at intervals of 30-40 min, were made from 8:00 to 18:00 h daily. In each series of observations, the location of each individual animal in the tray was marked with a special marker along a linear scale placed along the tray. The markers looked like wooden matches or toothpicks. After that, the operator recorded in the log the temperature values from each thermometer. Then the location of each marker corresponding to the location of each individual animal at the time of counting was also recorded in the log with an accuracy of 1 cm.
Over the 8-day duration of the experiment, the total number of series of measurements was 100, which included a total of 5498 records, corresponding to the number of locations of all recorded individuals in all series. Prior to each series of observations, thermometer readings were made to verify that any location did not vary more 0.3°С.
In processing the data we converted the location data on a linear scale to temperature. For this purpose, a special table for converting data was formed. In total, 183 lines corresponding to the number of centimeters in the tray was specified in the table. Serial numbers of thermometers with an interval of 10 cells corresponding to 10 cm of scales were written in the first column of the table. Numerical values of the linear scale (1-183) were recorded in the cells of second column. The temperatures registered by the thermometers installed in the tray were recorded in the third column of the table in the cells, corresponding to the position of thermometers in the tray. The formulae for automatic calculation of the intermediate values of temperature between the values of each pair of adjacent thermometers were entered in the third column in all the intermediate cells. The copepod location values corresponding to their location on the linear scale of the second column were entered in the cells of the fourth column of the table. Conversion of linear values of the location of Cyclops to degrees of temperature was done in the next two columns. The obtained values were automatically summed up within one degree. There were two resulting columns for one set of counts. The temperature values were recorded in the fifth column. The number of Cyclops at each of these values was recorded in the sixth. All the above calculations were repeated for each series of samples taken in one day. After that, a summary table was created. Data from the sixth column of all series were sequentially entered in the columns of this table.
Calculation of preferred and avoided temperatures
To determine the preferred and avoided temperatures, we used the methodology and criteria established by Diaz et al. (1994) and Hernandez et al. (1995) . To calculate the average thermal preference for each series of samples we used the arithmetic mean of the modal group of preferred temperatures (Johansen and Cross, 1980) .
We found the average value of preferred temperature for each day by averaging the data obtained for a series of samples. The summary table mean values were calculated for each series. Next, we summarized the number of counts for all series for each degrees and on the basis of these amounts was calculated the percentage distribution of copepods on a scale of degrees.
These data were used to calculate the ranges of modal values, selected temperatures, thermal performance, pessimal and avoid temperatures.
The term "performance" we use with this meaning: "The term 'performance' is conceived in a broad sense including both production performances such as growth rate, food efficiency, egg yield, etc. and indirect performances such as health, adaptability and optimum functioning of the control systems" (Kelsch, 1996) ; "optimum temperature (T opt )-Tb at which some performance metrics maximized" (Huey and Stevenson, 1979) .
For the range of preferred temperatures we used the temperatures (modal interval) at which >70% of the C. vicinus sample was located (Verbitsky et al., 2014) . For the range of temperature of normal performance (TNP) we chose the temperatures at which the >90% of the C. vicinus sample was located. These conditions correspond to the natural temperature ranges at which individuals of native populations normally live, grow, feed, breed, etc. Temperatures at which <10% of the individuals were recorded were a pessimal (or stress) value, defining temperatures at which organisms can survive, but not thrive in nature. To test the hypothesis of the normality of data distribution we used the Shapiro-Wilk test criterion (Shapiro-Wilks W statistic (1965)). All calculations were performed using the R statistical package, version 3.2.2 (R Development Core Team 2015) .
R E S U L T S Environmental data
In the water reservoirs of the Upper Volga C. vicinus occurs in the plankton throughout the year (pers. obs.). Population density is maximal in May-July and it is at its minimum (5-20% of the maximum density) from September until April. Cyclops vicinus reproduce from May through August at temperatures from 6 to 24°С. The main peak of reproduction in the Rybinsk reservoir is at temperatures 10-19°С in June; in the Ivankovo and Uglich reservoirs, at temperatures of 20-24°С in July-August. In Siversky Lake (Vologda region) Cyclops vicinus reproduces in the hypolimnion at depths of 5-15 m and temperatures 10-16°С in July, and also at temperatures 12-14°С in August (Table II) . Our data indicate that only a portion of the C. vicinus population undergoes diapause; the other portion reproduces throughout summer. In the Rybinsk reservoir during years 2007-2014 diapause commenced in early July (water temperature is over 20°C).
Test data
One day after being placed in the temperature gradient C. vicinus chose a temperature close to the temperature at which they were collected from the pond. The modal interval of samples on day one was 11-17°С and accounted for 77.2% of the records (Fig. 3a) . The thermal preference was 13.9 ± 1.04°С (Table III) . On the second and third days Cyclops chose higher temperatures. The preferred temperature of the modal group on the second day ranged from 17 to 23°C (77.5% of samples) (Fig. 3b) ; on the third day, from 17 to 22°C (72.2%) (Fig. 3c) . The thermal preference was consequently 20.4 ± 0.92 and 20.2 ± 0.68°C (Table III) . Beginning on the Day 4 values of the average preferred temperature declined, stabilizing at 17.1-17.5°С on Days 7 and 8 (Table III) . Modal values ranged from 15-20°С (73.4-70.1%) on Day 8 (Fig. 3, d) . The mean preferred temperature (Pt m ) on Day 8 was 17.5 ± 0.47°C. The Pt m values on Days 7 and 8 equaled 17.3 ± 0.6°С, that is FTP.
On each day 90% of the C. vicinis were normally distributed on the horizontal temperature gradient (Table III) . Analysis of the animal's distribution in a temperature gradient, as we mentioned earlier, to determine the optimum range for the species of temperature values coincide with the values of mean preferred temperatures (Pt m ). Consequently, the FTP (15-20°C) for C. vicinus on Days 7 and 8 which included more than 70% of the value can be taken as Optimum Thermal Conditions in nature (Table III) .
D I S C U S S I O N
It is known that during the initial period in the temperature gradient the distribution of individuals is dependent on their previous thermal acclimation. After a sufficient period of time for acclimation to new conditions in the thermal gradient, their distribution becomes stable. The C. vicinus period of acclimation was~5 days. Achieving the FTP occurred with overshoot: when animals were placed at a temperature in the thermal gradient (13.5-15.0°C) that approximated the temperature of the source pond, they first moved to a warmer water (19.0-23.0°C) and then moved to the colder part of the tray, where they selected the FTP (17.3°C). The choice of FTP with overshooting is a typical phenomenon described for organisms of different taxa: from shrimps and crabs to fishes, turtles and lizards (Reynolds, 1978; Stern and Achituv, 1978; Reynolds, Casterlin, 1979; Layne, Claussen, 1982; Britz, Hecht, 1987; de Dear et al., 1993; Beitinger et al., 2000) . The FTP values showed small fluctuations. Consequently, FTP (15-20°C) for C. vicinus on Days 7 and 8 at which included more than 70% of the value can be taken as optimal in nature (Table II) .
However, as shown by our previous study of the cladoceran Simocephalus (Verbitsky et al., 2014) , an analysis of the preferred temperature graph allows us to infer, in addition to optimal values, a number of more specific points that can be correlated with different temperature zones on the scale of thermal tolerance of the species.
The proposed method of temperature ranges calculation has been tested on Cladocera (Crustacea). This method showed similar correlations between the experimental values of the preferred and avoided temperatures obtained by analyzing graphs of preference temperature and values of optimal and pessimal temperatures from field observations of the temperature conditions of natural populations. According to the horizontal temperature gradient method, the temperature range over which we reported more than 90% of C. vicinus locations, their choices can be correlated with the TNP of the species observed in nature. On the seventh-eighth day this range was equal 12-24°С for C. vicinus (Fig. 3d, Table III ).
Values lying between the boundaries of the zone TNP and temperatures that are avoided (6.7-8.0% in days seven-eight), inferred to be pessimal (or stress) values for C. vicinus (Table III) . Individuals of C. vicinus avoided temperatures below 5 and above 29°С in the tray.
The values of preferred temperatures (15-20°C) and the temperature of normal performance (12-24°C) of our observations are in good agreement with geographical distribution of C. vicinus in lakes and reservoirs in Europe. The species inhabits mainly the temperate zone of the northern hemisphere: the whole Palaearctic (Palearctic ecozone) and the northern part of the Nearctic (Nearctic ecozone) (Monchenko, 1974; Jersabek et al., 2001) .
The temperatures at which populations thrive in different reservoirs can vary from 7.2 to 14.5°C (Jersabek et al., 2001) , from 5 to 23°С (Hansen & Jeppesen, 1992; Por & Dimentman, 2001) , and above 20°C (Vijverberg, 1980; Maier, 1989b) . According to Monchenko (1980) , C. vicinus appear in the plankton in the fall when the temperature falls to 12°C, and disappear from the plankton the following summer when the water warms up to 21°C. According to data of Riviere (2012), C. vicinus reaches high numbers in the Ivankovo reservoir during the summer at 9-24°С and in the main part of the Rybinsk Reservoir in winter and spring at a temperature 4.5-12°C.
In theunproductive European lakes, particularly in mountainous areas (Tjeukemeer, Baldeggersee and Constance), C. vicinus is abundant in the spring plankton (March-May), reproduces at a low (2-15°C) temperature (Table II) , and in the summer is completely or partially proceeds to diapause (Einsle, 1964 (Einsle, , 1993 Vijverberg, 1977; Urech, 1979; Santer and Lampert, 1995) . Also, C. vicinus disappeared from the plankton in the summer when the water temperature reached 26-30°C in the Gorky reservoir in the zone of discharge of warmed water from the Kostromskaya electric power station (Elagina, 1974) .
Our data indicate the temperature preferences of the northern populations of the species (near 58°N). The southern populations of C. vicinus have different temperature preferences compared to northern populations. There is evidence of the presence of C. vicinus at higher temperatures. For example, Illyová and Pastuchová (2012) report the range of tolerant temperature for C. vicinus to be 6.5-24.7°С in the Morava River catchment reservoirs (48°24′N, 17°24′E-48°30′N, 17°35′E ). There are reports of C. vicinus in more southern waters-in Lake İznik (40°27′N, 29°32′E) and Çatalan Dam Lake (37°13′N, 35°16′E) , or belonging to the Indo-Malayan region (Indomalaya ecozone, Indian Subcontinent), where C. vicinus is abundant year-round at a temperature of significantly higher than 24°C. (Aladağ et al., 2006; Thirupathaian et al., 2011; Yağci and Ustaoğlu, 2012) . Under laboratory conditions when feeding on Scenedesmus the abundance of the population C. vicinus increased faster at 25°C than at 20°C (Tellioglu, 2014) .
The data vary as well with respect to the favorable temperature and period for reproduction. For example, some populations reproduce only in the spring (Seebens et al., 2007) and others reproduce year-round, except for the hottest period of summer (Rivière, 1982) . Active growth (Hopp and Maier, 2005) and the peaks of population density of C. vicinus occur also in the spring (Wolska and Piasecki, 2007) .
Our observations indicate that the reproductive period of C. vicinus in the Rybinsk and Ivankovskoye reservoirs occurs throughout the summer at temperatures up to 24°C. However, according the literature the temperatures for the egg development are substantially below the temperature at which the maximum populations density of this species were observed (Table III) . Moreover, Herzig (1983) notes that C. vicinus has the fastest embryonic development at temperatures below 10°C among freshwater crustaceans except for Acanthocyclops robustus and A. vernalis.
Thus, the values of the final preferred temperatures actually coincide with the temperatures at which populations of C. vicinus thrive in different reservoirs and all ranges of the preferred temperatures coincide with the temperature of normal performance.
We cannot interpret as clearly our results of pessimal temperatures as we can with preferred temperatures. Our proposed method reveals that pessimal temperatures should include the ranges 5-11 and 25-29°C (3 and 2.1% of samples, respectively). The values of the upper pessimal range generally do not contradict the data from field observations; however, our interpretation regarding the lower pessimal range is not so clear. Thus, according to our data, the autumn generation of C. vicinus begins its intensive reproduction the following spring when the water reaches 5-9°C in Rybinsk and the Ivankovskoye reservoirs. But according to Rivière (2012) C. vicinus reproduced in the hypolimnion in March at a temperature of 1-4°C in Lake Siverskoiye. We assume that the high temperature tolerance, existing in populations of different water bodies, reflects genetic differentiation and adaptation.
Therefore, we cannot interpet the zone of low temperature avoided by C. vicinus in our thermal gradient to be pessimal temperatures, as these data contradict the observations on development of the reservoir populations. A possible explanation of this behavior may be that low temperatures are not unfavorable for C. vicinus, but having a choice in terms of the thermal gradient, C. vicinus elect higher, more favorable temperatures. Cyclops vicinus can develop normally in the pond at low temperatures, indicating a considerable plasticity of the species with respect to temperature. Indeed, according the literature the species possesses considerable plasticity in its life cycle and can survive at higher temperatures compared to other cold adapted Cyclops (Rivière, 2012). This plasticity is supported by different life-cycle strategies possessed by different populations. So, in some lakes, the population is completely absent in the open water season during diapause (Einsle, 1967; Santer and Lampert, 1995) , whereas in other water bodies one part of the population is in diapause, whereas the another part remains in the pelagic zone (active diapause) and has a summer generation (George, 1976; Maier, 1989a Maier, , 1996 Hansen and Jeppesen, 1992; Einsle, 1996; Hansen, 1996) .
According to Seebens et al. (2009) , C. vicinus is characterized by a biphasic diapause: the first phase wintering in the lake sediment at a stage CIV and the second phase delaying maturation at stage CV before the spring peak in phytoplankton. This strategy ensures the successful development and maturation of the offspring since these phases coincide with spring algal blooms, meeting the nutritional needs of extremely vulnerable Cyclopoid nauplii. The nauplii are filter feeders and feed on phytoplankton. Lack of food in spring undermines the population growth in the summer (Seebens et al., 2009) .
Adaptation of populations of C. vicinus to a wide range of temperatures and the considerable plasticity of the life cycle in nature is known for other species of Copepoda. This gives them an distributional range and an extra capacity for adaptation. For example, results of the study of life cycles Cyclops scutifer Sars population from Lake Blankvatn, Norway showed that portions of the population have a one and 2-year cycle with and without diapause, a retardation of naupliar development, and reproduction in spring, summer and winter (Elgmork and Langeland, 1980) . The authors show that all these phenomena are interwoven and represent a subtle balance influenced by a number of various factors. These various paths of development in a single population are of great adaptive value. This is especially important during critical periods in the life cycle in which the population has the choice of several developmental pathways.
C O N C L U S I O N S
Overall, the present study and wealth of literature describing field populations allow us to characterize C. vicinus as a eurythermic, ecologically plastic species.
The FTP of C. vicinus reflects the Optimum Thermal Conditions of 15-20°C, the TNP of 12-24°C, and pessimal temperature of 25-29°С. These temperature ranges coincide with numerous field observations for temperature conditions of development of the species in nature.
These data provide a proof of concept that the horizontal thermal gradient method can be used to infer the temperature tolerance of freshwater cyclopoid copepods in nature.
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